Background: Nodular melanoma is one of the most life threatening tumors with still poor therapeutic outcome. Similarly to other tumors, permissive microenvironment is essential for melanoma progression. Features of this microenvironment are arising from molecular crosstalk between the melanoma cells (MC) and the surrounding cell populations in the context of skin tissue. Here, we study the effect of melanoma cells on human primary keratinocytes (HPK). Presence of MC is as an important modulator of the tumor microenvironment and we compare it to the effect of nonmalignant lowly differentiated cells also originating from neural crest (NCSC). Methods: Comparative morphometrical and immunohistochemical analysis of epidermis surrounding nodular melanoma (n = 100) was performed. Data were compared to results of transcriptome profiling of in vitro models, in which HPK were co-cultured with MC, normal human melanocytes, and NCSC, respectively. Differentially expressed candidate genes were verified by RT-qPCR. Biological activity of candidate proteins was assessed on cultured HPK.
Background
Malignant melanoma is an aggressive tumor with increasing incidence and still limited therapeutic outcome in advanced disease. Permissive microenvironment is an essential condition for growth of malignant cells, including the melanoma cells, in the organism [1, 2] . Various non-malignant cell types present in tumor stroma collectively contribute to formation of the a specific milieu for cancer stem cells [3] . The stroma of tumors is usually composed of fibroblasts, producing not only extracellular matrix but also plethora of important cytokines, immune cells and endothelial cells of capillaries. The stromal fibroblasts (also known as cancer-associated fibroblasts) are able to significantly influence the phenotype of co-cultured epithelial cells and to affect epithelial to mesenchymal transition in them [4, 5] . Mutual crosstalk between the stromal fibroblasts and the melanoma cells has been also described [6] . Similarly to the other types of tumors, extensive macrophage infiltration can stimulate aggressiveness of melanoma [7] . In case of melanoma progression, keratinocytes as a principal epidermal cell population must be also taken in account in these schemes.
Melanocytes are normally present in the basal layer of human epidermis. Their precursors, the neural crestoriginated stem cells, occur in the bulge of outer root sheath of hair follicle in human adult skin [8] . Evidence of MC impact on the epidermal microenvironment was described and discussed previously, however the molecular mechanism of this interaction was poorly understood [9, 10] . In this study the effects of melanoma cells on 'bystander' epidermal cells (keratinocytes) and mediators of this activity are investigated. We demonstrate the effect of nodular melanoma on morphology and differentiation pattern of the epidermis in the vicinity of the tumor. The histopathological findings are correlated with in vitro effect of melanoma cells and their precursors (NCSC) on HPK.
Methods

Tissue samples and cell lines
All cells and tissues were obtained after approval of the local ethical committee with informed consent of the patients. Paraffin embedded samples of human nodular melanomas (n = 100) were used for morphometric and histological analysis. Immunohistochemical analysis was performed on 20 of them (data summarized in Table 1 ). Two frozen samples of intraepidermal naevi, 3 samples of melanoma metastasis to skin, and samples of normal breast skin were also employed.
Human primary keratinocytes were isolated from donor skin and cultured in keratinocyte growth medium as described by Strnad and coworkers [5] . Human neural crestoriginated stem cells (NCSC) were isolated from human hair follicles and cultured with addition of 5% chicken embryonic extract (CEE) [11] . Immortalized keratinocyte cell line HaCaT [12] was purchased from vendor (Cell Line Service, Eppelheim, Germany). Mouse embryonic 3T3 fibroblasts used for feeder were obtained from Department of Burn Surgery, 3rd Faculty of Medicine, Charles University, Prague).
Highly metastatic BLM melanoma cell line was a gift from L. van Kempen and H. van Krieken (Department of Pathology, Radboud University, Nijmegen, the Netherlands), commercially available metastatic melanoma lines A2058 and G361 were purchased from ATCC® HTB-43™). Primary melanoma cells (ASC passage P1 and P3) were isolated by us from ascitic fluid obtained by alleviating abdominal paracentesis in stage IV melanoma patient with multiple liver metastases. Normal human neonatal highly pigmented melanocytes (HPM) were purchased from J. Vachtenheim (Institute of Medical Biochemistry and Laboratory Medicine 1st Faculty of Medicine, Charles University, Prague, Czech Republic) and maintained in serum free medium M254 with HMGS supplement (Gibco, USA). All cultures during the experiment were kept at 37°C and 5% CO 2 in humidified incubator in DMEM with 10%FBS, if not indicated otherwise below.
Tissue sections preparation
The tissue sections were prepared from paraffin embedded nodular melanoma samples and from Tissue-Tek (Sakkura, Zoeterwoude, Netherlands) embedded frozen samples of normal skin, intraepidermal naevi or melanoma cutaneous metastases.
Cell culture, cell culture in a transwell system, for transcriptomics, RT-qPCR and proliferation in conditioned media For co-culture studies, HPK were inoculated on Mitomycin C-treated 3T3 feeder cells at the density 30,000 cells/cm 2 [13] in the lower chamber of a 6-well plate transwell system (BD Falcon, Franklin Lakes, NJ, USA). Next day, PET-inserts (pore size 1 μm) with proper cells (BLM, NCSC and HPM respectively) were added. Highly proliferating BLM cells were seeded at the density of 500 cells/cm 2 , NCSC and HPM at the density 5,000 cells/ cm 2 . The cells were co-cultured for six days in keratinocyte medium [5] . Keratinocytes cultured on feeder alone were used as a control.
For transcriptome analysis, BLM cells, A2058, G361, primary cultures of ascitic melanoma cells (ASC P1 and P3), HPM and NCSC cultured until they reached 90% confluence. The cultures were then briefly washed with ice cold PBS and harvested in RLT lysis buffer (QIAGEN Inc., Valencia, CA, USA). To exclude the specific influence of culture media, cells were harvested from either DMEM with 10% FBS or α-MEM with 10% FBS and 5% of CEE.
For further RT-qPCR verification of candidate target genes, cell cultures were performed under identical conditions as above, but also in parallels with and without FBS.
The influence of BLM cells on keratinocyte proliferation was tested by cultivation of HaCaT cells (2,000 per well) in 96-well plate (MIDSCI, St. Louis, USA) over Based on microarray and RT-qPCR analysis, we selected upregulated genes that can exert the biological activity of melanoma cells on keratinocytes. Their effects were tested with substances purchased from RD system (USA) using enrichment by IL-8 (2.5 ng/ml), CXCL-1 (0.04 ng/ml), FGF-2 (10 ng/ml), and VEGF-A (0.4 ng/ml) [14, 15] .
Immunohistochemistry and immunofluorescence
The panel of antigens was visualized by immunohistochemistry and immunocytochemistry (Additional file 1: Table S1 ). The nuclei were counterstained by 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Prague, Czech Republic). The control of the specificity of the reaction was performed with isotype control of the same species. Imaging was performed on Eclipse 90i fluorescence microscope (Nikon, Prague, Czech Republic) equipped with a Cool-1300Q CCD camera (Vosskühler, Osnabrück, Germany) and the computer-assisted image analysis system LUCIA 5.1 (Laboratory Imaging, Prague, Czech Republic).
Transcriptome analysis
Total RNA was isolated using RNeasy Micro Kit (Qiagen, MD, USA). RNA integrity was analyzed by Agilent Bioanalyzer 2100 (Agilent). Only the samples with intact RNA profiles were used for expression profiling (RIN > 9).
Illumina HumanHT-12 v4 Expression BeadChips (Illumina, CA, USA) were used for the microarray analysis following the standard protocol. In brief, 200 ng RNA was amplified with Illumina TotalPrep RNA Amplification Kit (Ambion, TX, USA) and 750 ng of labeled RNA was hybridized on the chip according to the manufacture procedure. The analysis was performed in two biological replicates per group. The raw data were preprocessed using GenomeStudio software (version 1.9.0.24624; Illumina, CA, USA) and analyzed within the limma package [16] of the Bioconductor [17] as described elsewhere [18] : the transcription profiles were background corrected using normal-exponential model, quantile normalized and variance stabilized using base 2 logarithmic transformation.
Moderated t-test was used to detect transcripts differentially expressed between the sample groups (within limma; [16] ). Storey's q-values [19] were used to select significantly differentially transcribed genes (q < 0.05, | log 2 FC| > 1). The MIAME compliant transcription data was deposited in the ArrayExpress database (accession E-MTAB-2401).
Real Time Polymerase Chain Reaction (RT-qPCR)
Total RNA was isolated as described in the section transcriptome analysis. Reverse transcription was performed by QuantiTeck® Reverse Transcription Kit (Qiagen, MD, USA) starting with 50 ng/μl of RNA. Final cDNA was diluted five times and quantitative real-time PCR (RTqPCR) was performed on LightCycler 2.0 System using LightCycler® 480 DNA SYBR Green I Master Mix (Roche Diagnostics GmbH, Germany). PCR reactions (10 μl) were run according to standard manufacturer's protocol cycled 50 times. Targets (IL-8, CXCL-1, FGF-2, VEGF-A, VIM) and housekeeping genes (GAPDH, HPRT1, COX7C, TBP, RPS9) were measured under the same conditions and from the same diluted cDNA (Additional file 2: Table S2 ). The results were analyzed by LightCycler software and crossing point values were determined within the R environment. Every examined cell culture was analyzed in 8 replicates (2 biological, 2 RT, and 2 technical replicates). Stability measurement of housekeeping genes and normalization was carried out using the method of Vandesompele [20] .
Statistical analysis
Statistical significance of the changes in mRNA level of the target genes between different samples and the effect of experimental proteins on K14 detection in vitro was determined by Student's t-test.
Results
Characterization of the epithelium overlaying the nodular melanoma
Significantly increased thickness of the epidermis in vicinity of tumor was observed in 90% of biopsies (more than 2 times compared to epidermal thickness at the surgical margin; mean 4.56×; median 3.84; range 0.72-12.2×, p value < 0.001 by Mann-Whitney test). The increased epidermal thickness was observed on the periphery of the tumor (Figure 1 J) without significant correlation to the value of Breslow's depth of invasion.
In the control group of normal human epidermis samples, only the keratinocytes of basal layer exhibited signal for keratin 14 (K14) ( Figure 1A) . Conversely, keratin 10 (K10) was here present in all suprabasal layers as expected. In junctional naevi, keratinocytes with strong expression of K14 were also observed also suprabasally in the vicinity of the melanocytic nests ( Figure 1B ). In case of nodular melanoma, the epidermis overlaying and surrounding the tumor exhibited various degree of hyperplasia ( Figure 1C , H, J). Keratin 14 was strongly present in basal layer, but also strongly in suprabasal cells ( Figure 1C ). These suprabasal cells were negative for K10. Surprisingly, even the most distant epidermis at the margin of the surgical resecate also exhibited K14 positivity in the whole thickness of the epithelium along with absence of K10 signal there ( Figure 1D , E). Epidermis overlaying cutaneous metastasis of melanoma demonstrated similar features, i.e., suprabasal expression of K14 (Figure 1 F) and border of K10 expression shifted more suprabasally ( Figure 1G ). No expression of keratin 8 (K8) and keratin 19 (K19), markers of keratinocytes with low level of differentiation, was present in epithelium overlaying primary melanoma and/or above cutaneous metastasis, except one patient (out of 20) expressing K8 (Additional file 3: Figure S1A, B) . Surprisingly to the observed extent of hyperplasia, none or a very limited number of keratinocytes exhibited the marker of proliferative activity Ki67 ( Figure 1H ). It contrasted with a high number of Ki67-positive keratinocytes at the surgical margin of the same Figure 1 Detection of keratin 14 (K14, A-D, F), protein S100 (B), keratin 10 (K10, E, G), and Ki67 (H, I). K14 is expressed only in basal layer in normal epidermis (A). In junctional naevi, the S100 positive naevus cells (green signal, marked by asterisk) are surrounded by K14 positive basal and suprabasal keratinocytes (B). Epidermis surrounding nodular melanoma reveals pseudoepitheliomatous hyperplasia with high expression of K14 (C), however, proliferation marker Ki67 is negative here (H). At the margin of surgical resecate (MSR) is K14 expressed in all suprabasal layers (D), this aberrant expression is accompanied by loss of differentiation marker K10 (E) and high proliferation revealed by the presence of Ki67 (I). Similarly, epidermis overlaying dermal metastasis of melanoma is K14 positive even suprabasally (F); expression of K10 is dislocated more superficially (G). The epithelium in melanoma resecates reaches its thickest point on the periphery of the tumor margin (J). The tumor center is covered by the epithelium of variable thickness (J). Scale bars denote 25 μm.
resecate ( Figure 1I ) and also to the normal control epidermis (Additional file 3: Figure S1C ).
In vitro analysis of keratinocyte-melanocyte interaction
A model of paracrine signaling during the intraepidermal melanoma development was achieved by co-culture of HPK in a transwell system with BLM, HPM or NCSC cells respectively. Characteristic markers of BLM, HPM, and NCSC cells were visualized using immunofluorescence in Additional file 4: Figure S2 . The results demonstrated that both BLM and NCSC shared characteristics contrasting to HPM. NCSC were negative for MiTF that was detected as a very weak specific nuclear (and nonspecific cytoplasmic) signal in BLM and HPM.
The results of co-culture with melanoma cells and NCSC cells were compared to the co-culture of keratinocytes with the HPM. In co-culture with BLM cells, HPK were strongly positive for K14 and for K8 (Figure 2A , B) and in lesser extent also for K19 ( Figure 2C ). BLM in this system also strongly increased the number of keratinocytes co-expressing keratins and vimentin together ( Figure 2D ). The BLM-conditioned medium had an inhibitory effect on proliferation of human keratinocytes as documented and quantified with advantage of feeder free growth of HaCaT (Additional file 5: Figure S3) . A very similar effect on HPK was also observed in coculture with NCSC cells (Figure 2I-L) . In the case of co-cultivation HPK with HPM, the expression of all studied markers was lower than in co-cultures with BLM and NCSC ( Figure 2E-G) .
Interestingly, the expression of K14 was strong predominantly in small keratinocytes at the periphery of colonies far exceeding the intensity observed in the larger cells in the colony center (Figure 3) .
Standard cultivation of keratinocytes on 3T3 feeder was performed as a control experiment (Additional file 6: Figure S4 ). K14-positive cells were present on periphery of keratinocyte colonies where they form an interrupted and usually narrow ring. K8-and K19-positive keratinocytes were practically absent and the number of keratinocytes exhibiting vimentin was negligible.
Characterization of different cell types using DNA microarrays
First, we analyzed the specific influence of culture media on the transcriptome of the above-mentioned cells. As isolation and further propagation of NCSC was described exclusively in specific medium (αMEM, 10% FBS with 5% CEE), we tested initially dependence of transcription profiles of NCSC and BLM on the media without finding any major influence of the employed media (αMEM, 10% FBS with 5% CEE versus DMEM 10% FBS). This indicated possibility of running all consequent experiments in identical medium without compromising biological behavior of NCSC and BLM respectively. We also optimized cultivation of HPM in DMEM 10% FBS for this purpose.
Analysis of microarrays with transcriptomes of HPM, BLM and NCSC at the whole genome scale demonstrated distinct differences among tested cell types ( Figure 4A ). As transcription profiles of pure cultures were well conserved in different media (Figure 4A ), the biological effect in co-culture could only be attributed to particular cell types in transwells. Because this experimental setting excludes direct physical interaction of cells, we further focused our interest on extracellularly released cell products that could be responsible for paracrine regulation of the environment. In the co-culture experiments, we observed that only BLM and NCSC significantly affected the phenotype in co-cultured keratinocytes, thus we searched for the cell products that were excessively produced by these cells and not by HPM. However, the reciprocal effect of keratinocytes on pigment cell keratinocyte axis cannot be excluded. The differentially regulated factors are listed in Additional file 7: Table S3 .
The expression of candidate genes whose products could participate in the control of keratinocyte phenotype (IL-8, CXCL-1, FGF-2, and VEGFA) was verified by RT-qPCR performed on lysates of cultures of the cells employed in the experiment (BLM, NCSC, and HPM). It was further extended in co-cultures using other available melanoma cell lines (A2058, G361), and primary culture of melanoma cells isolated from ascitic fluid (1st and 3rd passage was compared). Experiment with BLM, NCSC and HPM was also replicated in the medium devoid of fetal bovine serum. The results clearly demonstrated that the expression of the tested genes was upregulated in all studied melanoma cells compared to HPM ( Figure 4B) , with the exception of expression of VEGF-A by ascitic cells of the first passage. However, the production of VEGF-A by melanoma cells was only weakly elevated in comparison with HPM. The serum supplement to the cultivation medium had a suppressive effect on the expression of CXCL-1 in both BLM and NCSC as well as on IL-8 expression in NCSC cells (Additional file 8: Figure S5A , B).
The role of FGF-2, VEGF-A, IL-8, CXCL-1 on cultured human keratinocytes
Keratinocytes strongly positive for K14 were located predominantly at the periphery of colonies ( Figure 5A ). When either FGF-2, VEGF-A and/or a mixture of IL-8 with CXCL-1 was supplemented to the culture medium, the K14-positive cells border of the colonies was significantly wider than in non-treated cultures ( Figure 5B-D, F) . Simultaneous addition of all tested factors to keratinocyte culture significantly increased the thickness of K14-positive edge of colony ( Figure 5E, F) . K14-positive cells at the border of treated colonies exhibited more elongated shape more resembling fibroblasts than usually seen in epithelial cells. These cells were not anymore in tight contact ( Figure 5F ).
Discussion
This study presents morphometrical quantification of the effect of nodular melanoma on morphological appearance of surrounding epidermis, which acquires features consistent with pseudoepitheliomatous hyperplasia. We report changes in keratin expression pattern seen in the epidermal region surrounding the nodular melanoma and we have identified the candidate molecules responsible for the phenomenon. Our results correlate with reports of pseudoepitheliomatous hyperplasia in melanoma biopsies described previously [21, 22] . Others showed that, similar to K14 in this study, two connexins were induced in the epidermis adjacent to both primary melanoma and cutaneous melanoma metastases, but less so in melanocytic nevi. Also in these studies, both vertical (basal/ suprabasal) and horizontal (towards the resection margin) extension of connexin expression in the epidermis adjacent to melanoma were measured. Interestingly in their studies, the extent of connexin expression in the epidermis correlated with the Breslow index of the underlying melanoma and with the proliferative index of the epidermis itself as well as partially with K6 but not K17 expression in the epidermis [9, 23] .
The significance of ulceration seen in the epidermis overlaying melanoma is widely accepted and it is reflected even in the current classification system of AJCC as a predictor of worse prognosis. Existence of another biomarker, pseudoepitheliomatous hyperplasia, would be highly desirable for further improvement of melanoma patients risk stratification.
Presence of melanoma likely influences the differentiation pattern of epidermis with highly aberrant suprabasal pattern of expression of differentiation-dependent marker keratin 14 (K14), which is normally present only in basal cell layer [24] . The suprabasal expression of K14 has been reported in dysplastic epithelium [25] . This finding is further supported by simultaneous absence of keratin 10 (K10), a marker of suprabasal terminally differentiated cells in the epithelium overlaying the tumors in our study. The observed pseudoepitheliomatous hyperplastic region is also interestingly devoid of cells expressing proliferation marker Ki67. Thus, the epithelial thickening occurs even without increased rate of proliferation. This underscores depth of the change in differentiation pattern and may be the cause of the existence of hyperplastic epitheliomatous region. This hypothesis is further supported by our observation of the inhibitory effect of BLM-preconditioned media on growth of HaCaT keratinocytes in vitro (Additional file 5: Figure S3 ). BLM melanoma cells as well as NCSC exhibit in vitro influence on HPK, (induced high expression of K14 and markers of very low differentiation status such as K8 or K19 [26, 27] , respectively). Expression of K8 and K19 induced by BLM and NCSC was detected only in vitro, indicating that the process of cell dedifferentiation is more pronounced in the simplified environment of the tissue culture. This is somewhat expected as usually proliferating HPK in culture are by definition less differentiated (if not intentionally differentiated by e.g. high Calcium conditions). However, our culture systems are using Calcium concentrations exceeding 1 mM (concentration usually sufficient to induce differentiation). This further underscores the power of the intercellular interaction in our model. Moreover, the keratinocytes co-cultured with BLM or NCSC co-express vimentin along with keratins. When keratinocytes are co-cultured with normal melanocytes (HPM), such significant changes of their phenotype are not observed.
Because the keratinocytes in our co-cultures are separated from the cells in inserts by microporous membrane preventing any direct intercellular contacts, the observed changes most likely come from their paracrine activity. The transcriptomic analysis has been therefore targeted mainly on the candidate genes linked to intercellular interaction via soluble factors. Genes coding proteins such as FGF-2, VEGF-A, IL-8, and CXCL-1 have been found upregulated not only in tested BLM and NCSC but also in other melanoma cell lines (with the only exception of VEGF-A in primary culture of ascitic melanoma cells). The identified proteins are able to influence significantly the expression of K14 in keratinocyte cultures and we have also observed clear synergistic effect of these.
FGF-2 was already known as a cytokine actively produced by melanoma cells [28] . It participates on the control of dedifferentiation of normal human keratinocytes, where it stimulates expression of K14 and K19 [29] . FGF-2 is able to significantly stimulate keratinocyte migration [30] . Vimentin expression in keratinocytes cocultured with BLM/NCSC suggests that HPK are in the stage of epithelial to mesenchymal transition, a process important for epithelial cell migration. IL-8 and CXCL-1 produced by melanoma have strong influence on progression of primary tumors [31] [32] [33] . Both these chemokines are able to stimulate significantly expression of K8 in cultured keratinocytes [15] . VEGF-A (together with IL-8) is also produced by melanomas in order to foster tumor neovascularization [34] . Keratinocytes express receptors for VEGF-A and this factor also significantly influences their biology [35] .
The RT-qPCR verification of the expression of IL-8, CXCL-1, FGF-2, and VEGF-A with and without fetal bovine serum has revealed certain differences dependent on presence of the serum in the cultivation system. The serum can reduce expression of chemokines (e.g., CXCL-1) in the studied cells, more efficiently in the neural crest stem cells. This finding underscores importance of relevant study design and limited possibility of direct translation of certain in vitro findings without good correlation to in vivo situation. The results of K14 expression presented in this study demonstrate a remarkable overlap of both in vivo and in vitro. On the contrary, expression of K8 and K19 induced by BLM and NCSC was detected only in vitro. This finding indicates that some of the processes of cell dedifferentiation are clearly more pronounced in the simplified environment of the tissue culture. Our data also demonstrate similar biological influence of the melanoma cells and the neural crest stem cells on epidermal keratinocytes, which results from their similar transcription profiles. According to our previous study, similar change in keratinocyte phenotype occurs also in co-cultures of keratinocytes with stromal fibroblasts isolated from basal or squamous cell carcinoma or dermatofibroma [4, 5, 15, 36] .
Conclusions
It should be clearly concluded here that melanoma cells are able to influence the phenotype of HPK. This observation is supported by observation of pseudoepitheliomatous hyperplasia of epidermis surrounding nodular melanoma site. Hyperplasia is accompanied by dysregulation of K14 expression in the epithelium. As summarized Figure 6 Melanoma cell activity is in addition to other factors dependent on the activity of tumor infiltrating inflammatory cells and fibroblasts. The melanoma cells are able to influence the differentiation pattern of keratinocytes by production of FGF-2, VEGF-A, IL-8, and CXCL-1. The reciprocal activity of keratinocytes to melanoma cells needs further research.
